Thin tissue sections commonly prepared on a glass slide for histopathology retain many in vivo biochemical attributes related not only to structure but also function. We hypothesized that such tissue sections might serve as novel cell culture substrata that would reflect tissue conditions in vivo. Here we report the applicability of tissue section substrata to tissue reconstruction and serum-free culture. Four different cell types were cultured on section and acellularized section substrata prepared from a bovine placenta. The labyrinth region of the substratum induced cell differentiation to elicit the formation of multicellular spheroids of BeWo cells (human choriocarcinoma cells), a capillary network-like structure for CPAE cells (bovine pulmonary artery endothelial cells), and a neuronal network-like structure for PC-12 cells (rat pheochromocytoma cells). The substratum provided a microenvironment that maintained the viability of PC-12 cells in a serum-free culture. We also succeeded in preparing a multicellular mass of normal human dermal fibroblasts (NHDFs) involving acellularized section-derived components. This technology offers the novel investigation of cell behaviors induced by culturing different cell types on various tissue sections and will be a useful tool for identifying cell characteristics and clarifying the molecular mechanisms that regulate the behavior of each cell type.
M any types of cell culture substrata have been developed that influence cell behavior. Currently, such substrata are used as cellular scaffolds to reconstruct organoids in tissue/organ engineering (1) (2) (3) (4) , although production of a culture substratum that reflects the complex architecture of various cellular microenvironments present in tissues in vivo has thus far been unsuccessful (5) . The extracellular matrix (ECM) represents a cellular scaffold in vivo and provides microenvironmental signaling cues that control cell behavior (6) . In an in vitro cell culture system, the culture substratum acts as the cellular scaffold. Cells seeded on a culture substratum recognize signals based on the microarchitecture and composition of the substratum, and these signals dictate cell behavior such as viability, cytoarchitecture definition, adhesion, growth, differentiation, polarization, migration, invasion, self-assembly, and organoid formation. To induce such cell behaviors in vitro, various culture substrata have been prepared from natural (7) (8) (9) (10) (11) (12) (13) (14) , synthetic (15) (16) (17) (18) (19) and hybrid materials (20) (21) (22) (23) (24) (25) (26) . For example, micropatterned substrata that contain ECM-coated adhesive islands separated by non-adhesive regions regulate the viability, shape, and growth of endothelial cells (20, 21) . Neuronal cells cultured on a substratum composed of a protein-blotted nitrocellulose sheet selectively survived on a band corresponding to a neurotrophic factor (22, 23) . A substratum made of self-assembling peptide (sapeptide) supported neuronal cell attachment and differentiation (15) . A substratum composed of a bioinert synthetic hydrogel to which proteolytically degradable and adhesive peptide sequences were grafted enabled the study of mechanisms involved in cell migration of fibroblasts and smooth muscle cells (19) . A film-, gel-, or membrane-formed substratum composed of a matrigel that is the complex of basement membrane components prepared from a mouse EHS tumor (7) was utilized in a cancer cell invasion assay (8) and was used to study differentiation in epithelial cells (9) (10) (11) . Monolayer cells cultured on a thermo-responsive substratum became detached on a decrease in the ambient temperature, thus forming a self-supporting cell sheet. The detached cell sheet gradually self-assembled and formed a multicellular spheroid on a non-adhesive substratum (24) (25) (26) . The thick sheet of the acellular matrix derived from porcine dermis or small intestinal submucosa provided a substratum with a three-dimensional scaffold and consequently allowed for cell migration and spatial organization (12) (13) . A cotton gauze substratum was used for circulating a culture medium to deliver nutrients and to flush away cellular metabolites in a three-dimensionally reconstructed multicellular mass with a relatively large volume of several milliliters (14) . A porous substratum composed of a biodegradable polymer(s) with a branching structure facilitated three-dimensional multicellular growth and organization allowing the generation of organoids such as skin, cartilage, bladder, and blood vessels by tissue engineering (16) (17) (18) . However, presently there are no tools available for culturing cells on a substratum composed of a thin tissue section that conserves both the microarchitecture and composition of its original tissue. In this study, we establish a novel method of cell culture by using a substratum composed of tissue/organ sections for histopathology (TOSHI-substratum), and demonstrate the applicability of a TOSHI-substratum, prepared from bovine placenta, to tissue reconstruction and serum-free culture.
MATERIALS AND METHODS

Cells and cell culture
BeWo cells (JCRB9111; human choriocarcinoma cell line) and CPAE cells (JCRB9022; bovine pulmonary artery endothelial cell line) were purchased from Health Science Research Resources Bank of Japan Health Sciences Foundation (Osaka, Japan), and PC-12 cells (RCB0009; rat pheochromocytoma cell line) and NHDFs (KF-4009; normal human dermal fibroblasts) were purchased from Riken Cell Bank (Tsukuba, Japan) and Kurabo Industries (Osaka, Japan), respectively. BeWo cells were subcultured in Ham's F12 medium containing 15% heat-inactivated fetal bovine serum (FBS), 100 units/ml penicillin, and 100 µg/ml streptomycin. CPAE cells, PC-12 cells, and NHDFs were subcultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated FBS, 20 mM HEPES, 100 units/ml penicillin, and 100 µg/ml streptomycin. Cells were grown at 37 o C in a humidified atmosphere of 5% CO 2 in air. Culture media were changed every other day.
Preparation of TOSHI-substrata made of a bovine placenta
A placenta was excised from a pregnant cow that was slaughtered on gestation day 241, trimmed to an appropriate size, and embedded in an OCT compound (Miles Inc., Elkhart, IN) and rapidly frozen. The frozen placenta was cut into 5-, 10-, or 20-µm sections by using a cryomicrotome. Each section was spread on a glass slide (Matsunami Glass Ind., Osaka, Japan) and air-dried. For the preparation of the general type of TOSHI-substratum, each section-mounted glass slide was placed in a culture tray (Sumilon MS-3300N, Sumitomo Bakelite Co., Tokyo, Japan) and immersed consecutively in Hank's balanced salt solution (HBSS) for 5 min to remove the OCT compound, in 70% ethanol for 10 min to fix and sterilize the section, in HBSS for 5 min to completely remove the ethanol, and in DMEM for 5 min to optimize the section as a culture substratum. For the preparation of the acellular type of TOSHI-substratum, two additional steps were introduced before the above 70% ethanol treatment: the section-mounted glass slide was immersed in 0.1% sodium dodecyl sulfate (SDS) in HBSS for 20 min to dissolve cellular components followed by HBSS for 5 min to completely remove the SDS and cell lysates.
Histological observations
The cell morphology during culture was observed by phase-contrast microscopy. The general and acellular TOSHI-substrata and cells cultured on the substrata for certain periods were fixed in 10% formalin neutral buffer solution and stained with hematoxylin and eosin (HE). The 4-µm cross sections of a multicellular aggregate that was fixed in 10% formalin neutral buffer solution, dehydrated, and embedded in HistoResin Plus (Leica Instruments GmbH, Heidelberg, Germany) were also stained with HE. These HE-stained specimens were observed by optical microscopy. The three-dimensional morphology of CPAE cells cultured on the acellularized section substratum for 3 days was analyzed by observing the HE-stained specimen under an inverted microscope (TE300, Nikon, Tokyo, Japan) attached to a laser confocal scanner unit (CSU21 with excitation at 488 nm; Yokogawa Electric Corporation, Tokyo, Japan) and imageprocessing devices. The viability of BeWo cells cultured on the substrata was examined by incubating the cells in 2 µM calcein-AM (Molecular Probes Inc., Eugene, OR) in HBSS at 37 o C for 15 min in a humidified atmosphere of 5% CO 2 in air. The viable cells selectively incorporated the nonfluorescent calcein-AM, cleaved the AM moiety by endogenous esterase, and yielded the fluorescent calcein molecule. The viable cells were observed by fluorescent microscopy.
RESULTS
To investigate the behavior of cells cultured on substrata made of thin tissue sections, we prepared two types of substrata from bovine placenta cryosections in a culture tray; section substratum, and acellularized section substratum. One type of substratum contained cellular components, whereas the other did not. Each section included the three regions of the placenta, the labyrinth of the cotyledon, the basal lamina of the endometrium, and the glandular zone of the endometrium (Fig. 1A-C) . BeWo cells were seeded and cultured on substrata to examine the feasibility of using a thin tissue section as a cellular scaffold. The BeWo cells attached and spread with high viability on both the section and acellularized section substrata, as well as on the glass slide substratum at culture day 1 (Fig. 1D-F) and proliferated well on the all substrata at day 4 ( Fig. 1G-I ). These results suggest that both the section and acellularized section substrata exhibit no cytotoxicity and function as cellular scaffolds. Cell morphology was compared by seeding and culturing BeWo cells on section substrata of differing thickness (5, 10, or 20 µm). Cells cultured on the basal lamina and glandular zone of the section substratum as well as on the glass slide substratum formed flat colonies consisting of cobblestone-shaped cells ( Fig. 2A, E, F) . However, as the section thickness increased, cells cultured on the labyrinth portion of the section substratum tended to form aggregates of cuboidal cells (Fig.  2B-D) . On culture day 3, cells on the labyrinth portion of the 20 µm-section substratum formed multicellular spheroids of 50-100 µm in diameter (data not shown). This result demonstrated that the labyrinth region of the substratum had the potential to facilitate BeWo cell self-assembly. CPAE cells were seeded and cultured on the acellularized section substratum to investigate the behavior of endothelial cells. Cells attached and spread well over all regions of the substratum after 1 day of culture. Through culture day 3, the cells grown on the labyrinth region formed a capillary network-like structure involving the microarchitecture of the acellularized section, however, cells grown on the basal lamina and glandular zones merely proliferated up to a confluent monolayer of cobblestone-shaped cells (Fig. 3A-D) . Using laser scanning confocal microscopy, the three-dimensional morphology of the capillary-like structure clearly showed that intertwining CPAE cells reconstructed a three-dimensional tube of about 5 µm in diameter (Fig. 3E-H) . This result demonstrated that the labyrinth region of the substratum could induce differentiation in CPAE cells.
NHDFs were seeded and cultured on the acellularized section substratum to investigate the behavior of mesenchymal cells. The fibroblasts proliferated and formed multilayers on all regions of the substratum. The multilayered fibroblasts comprising the substratum began to detach spontaneously from the glass slide at culture day 7 because the adherence of the acellularized section substratum was altered by proliferating fibroblasts. Furthermore, a self-supporting sheet consisting of the acellularized section and the fibroblast layers could be detached completely from the glass slide by gently pipetting the culture medium to produce shear stress (Fig. 4A, B) . The detached fibroblast sheet was cultured for two additional days on a nonadhesive substratum (14) , which resulted in a three-dimensional multicellular aggregate incorporated the acelluarized section-derived ECM components. The aggregate was about 3.0 mm along the long axis and about 1.5 mm along the short axis (Fig. 4C) . The interior histology of the aggregate was different in the outer side and the inner side (Fig. 4D) . The outer side contained the majority of fibroblasts that were selfassembled and incorporated only a small amount of the acelluarized section substratum-derived components in a twisted shape. However, the inner side contained a minority of fibroblasts that were associated with a large amount of the acelluarized section substratum-derived components in a twisted shape. The edge of the aggregate was covered with squamous fibroblasts (Fig. 4E) . This culture process revealed that a mass of mesenchymal cells could be prepared by using the acellular type of TOSHIsubstratum, and that the ECM components of the acellular substratum were incorporated into the multicellular mass.
To examine changes in cell viability and behavior on serum depletion, PC-12 cells were suspended in a serum-free medium, seeded, and cultured either directly on a glass slide substratum or the section substratum or the acellularized section substratum. The few cells that adhered to the glass slide substratum did not spread and exhibited an apoptotic cell morphology with plasma membrane blebbing at culture day 2. In contrast, most of the cells seeded on the acellularized section substratum spread well and exhibited a healthy cell morphology with cobblestone shape on its all regions, demonstrating that this substratum has the potential to prohibit the onset of apoptosis by facilitating cell adhesion and spreading even under serumfree conditions (Fig. 5A, B) . The cells seeded on the section substratum spread well on all regions at day 2, after which some of the cells particularly on the labyrinth region differentiated and formed a neuronal network-like structure through day 5 (Fig. 5C, D) . Cells on the basal lamina region and glandular zone maintained their healthy cell morphology and cobblestone shape (Fig. 5E, F) . These results demonstrated that the two types of substrata provided a microenvironment that maintained cell viability in the absence of serum, and that the labyrinth region of the section substratum has the potential to induce differentiation in PC-12 cells.
DISCUSSION
We established a breakthrough technology based on the concept of culturing animal cells on a substratum made of tissue/organ sections for histopathology (TOSHI-substratum). We demonstrate the application of TOSHI-substrata prepared from a bovine placenta in tissue reconstruction and a serum-free culture. Bovine placental tissues have angiogenic activity (27) . Also, the conditioned media of placental explants obtained from cows during days 100-200 of gestation support the migration of bovine aortic endothelial cells (28) . This angiogenic activity may have relevance to the expression of heparanase in bovine placenta during gestation (29) . During gestation, bovine trophoblastic binucleate cells produce hormones such as placental lactogens, prolactin-related proteins, and pregnancy-associated glycoproteins (30) . The bovine placenta also contains large amounts of collagen types I, III, IV, and V, found in the maternal tissue and not in fetal connective tissue (31) . Laminin expression is associated with fetal vessels in the labyrinth region and giant cells at the fetal/maternal boundary in the mature mouse placenta (32) . These reports suggest that placental tissues have multifunctional activities. On the other hand, BeWo cells form a multicellular aggregate on a matrigel substratum and exhibit the differentiated phenotype of human chorionic gonadotropin secretion (33) . CPAE cells cultured on a collagen gel differentiate into tube-like structures following treatment with phorbol myristate acetate (34) . NHDFs cultured on a rice plant-derived fibrous root substratum or a cotton gauze-incorporated collagen substratum can form a three-dimensionally reconstructed multicellular mass involving the fibrous roots or the cotton gauze, respectively (14) . PC-12 cells promote neurite outgrowth in the presence of laminin (35) . With this knowledge in hand, we cultured four types of cells individually on a TOSHI-substratum derived from a bovine placenta. Our data clearly show that differentiation of BeWo, CPAE, and PC-12 cells is induced only on the labyrinth region of the substratum, that the substratum provides a microenvironment sufficient to maintain the viability of PC-12 cells under serum-free conditions, and that a multicellular mass of NHDFs involving acellularized section-derived components can be prepared by utilizing the substratum. The multicellular mass incorporating the section components derived from the TOSHI-substratum may have important clinical applications as an implant because it is easily prepared by using both cryosections and cells derived from patient biopsies. Also, the detailed molecular mechanisms underlying each of the above phenomena can be investigated in the future by using monoclonal antibodies and/or digestive enzymes directed against molecules expressed in the bovine placenta.
Our novel procedure of culturing cells on TOSHI-substrata has a number of potential applications for both basic life science and applied biomedical research. Not only can TOSHI-substrata be prepared from all animal tissues/organs of any age regardless of pathology, but also from the entire bodies of small animals. These substrata retain the original microarchitecture and composition of the tissue and conserve many of the biochemical factors that serve as signaling cues for inducing cell behavior. Most of these factors are easily detected by ordinary techniques such as immuno-histochemistry or in situ hybridization. This work sets the stage for the analysis of interactions between different cell types and various TOSHI-substrata, and offers a novel approach for studies in cellomics (36) . In the near future, delineating the proper cell-substratum combination will promote effective cellomics studies such as the exploration and production of bioactive molecules, analysis of cell characteristics, estimation of gene function, and reconstruction of tissues/organs. In particular, it will be possible to enhance the secretion levels of specific bioactive molecules by selecting an appropriate TOSHI-substratum and to explore key molecules within TOSHI-substrata that regulate cell behavior. Furthermore, it will be possible to extrapolate cell properties (e.g., cancer cells) from the affinity of cells for a specific region on a TOSHI-substratum (e.g., whole body section substratum), and to estimate gene function by measuring differences in cell behavior on TOSHI-substrata before and after transfection of an exogenous gene. Finally, it may be possible to reconstruct organoids in which the differentiation of each cell is regulated by exploiting the TOSHI-substrata that conserve hierarchical cellular architectures, i.e. cell lineages. Placenta cryosections of 5 µm were spread on glass slides, and four glass slides were inserted in a culture tray for seeding cells (A). The section (B) and acellularized section (C) substrata on glass slides were stained with HE and observed by optical microscopy. Cells were seeded at a density of 2.1 × 10 4 /cm 2 on a control glass slide substratum, as well as on the section and acellularized section substrata, and cultured. Cell morphology and the metabolism of calcein-AM in viable cells cultured on the glass slide (D, G), the labyrinth (E, H), and the acellularized labyrinth (F, I) for 1 day (D-F) and 4 days (G-I) were observed by phase-contrast (left subpanels) and fluorescent (right subpanels) microscopy, respectively. B = basal lamina of endometrium; G = glandular zone of endometrium; L = labyrinth of cotyledon. Scale bars, 200 µm. seeded at a density of 3.4 × 10 4 /cm 2 and cultured on a 5 µm-acellularized section substratum. Following HE staining, the morphology of cells cultured on the substratum for 1 day (A, B) and 3 days (C, D) was observed by optical microscopy. The capillary-like structure of the HE-stained specimen on day 3 was analyzed by using laser scanning confocal microscopy (LSCM) (E-H). LSCM microphotographs are shown as a superposition of 53 confocal sections spaced 0.2 µm apart from the bottom to the top of the eosin-positive structure (E), and three confocal sections at distances of 4.8 µm containing the acellularized placenta cryosection substratum-derived components. Cells were seeded at a density of 3.3 × 10 4 /cm 2 and cultured on a 20 µm-acellularized section substratum. Proliferating cells cultured on the acellularized section substratum for 7 days began to detach from the glass slide (A) and a cell sheet containing the acellularized section substratum could be detached completely by pipetting the culture medium (B). A three-dimensional multicellular aggregate containing the acellularized section substratum-derived components was formed after an additional 2 days of culture on a non-adhesive substratum (C). The morphology of cells in culture was observed by phase-contrast microscopy (A-C). HE-stained cross sections of the aggregate were observed by optical microscopy (D, E). Scale bars, 200 µm. labyrinth (C, D) , basal lamina (E), and glandular zone (F) for 2 days (A-C) or 5 days (D-F) was observed by optical microscopy. Scale bars, 100 µm.
